Introduction
Experimental studies of the oxidation of hydrocarbons in apparatuses such as jet-stirred reactors (JSRs) provide data which are needed for the validation of detailed kinetic models. These detailed kinetic models are useful for the development of more efficient and cleaner combustion systems such as engines [1] .
One advantage of the jet-stirred reactor is the relatively easy coupling with various types of analytical techniques. Gas chromatography is the most used technique for the quantification and the identification of the species exiting the reactor [2] , [3] and [4] . The quantification is usually performed using detectors such as flame ionization detectors (FIDs) and thermal conductivity detector (TCD). They are well suited for the quantification of stable molecules such as carbon containing molecules (e.g., hydrocarbons, aldehydes, ketones) and permanent gases (e.g., hydrogen, oxygen, carbon oxides). The identification of reaction products is mostly performed using a gas chromatograph coupled to a mass spectrometer with electron impact ionization at 70 eV. Fourier transform infrared spectroscopy (FTIR) can be used for the quantification of water and formaldehyde in the exhaust gas of a jet-stirred reactor [5] .
However, these techniques are not adapted to the detection of all species. This is the case for radicals or unstable molecules such as hydroperoxides and ketohydroperoxides, both important intermediates in the low-temperature oxidation of hydrocarbons [6] . Because of their high reactivity, these species are likely to react during the transfer from the reactor to the analytical apparatus. Thus new types of analytical devices were coupled to jet-stirred reactors to try to palliate these problems.
The general idea is to extract samples from the reactor through rapid expansion and to analyze these samples online in order to minimize the time between the sampling and the analysis and thus decrease the possibility of reaction. The coupling of a jet-stirred reactor with a synchrotron vacuum ultra violet-photo-ionization mass spectrometer (SVUV-PIMS) allowed the detection of species with hydroperoxides [6] , [7] and [8] . The coupling was achieved through a cone with a very small hole at its top, which was inserted in the wall of the jet-stirred reactor. This cone system allowed maintaining the low pressure in the mass spectrometer and provided a molecular jet for minimization of species collisions. However, this technique was not sensitive enough to detect radical species in the gas phase.
In the present work we coupled a jet-stirred reactor to a new spectroscopic technique: continuous wave cavity ring-down spectroscopy (cw-CRDS) in the near infrared region. The final goal of this coupling is the detection of HO 2 radicals, this technique having proved already its capability to quantify the concentrations of HO 2 radicals [9] , [10] , [11] , [12] , [13] and [14] . This Letter presents this new experimental setup as well as first results obtained in the oxidation of methane.
Experimental set-up and conditions
The study was performed using a spherical quartz jet-stirred reactor (volume 85 cm 3 ). Species exiting the reactor were analyzed using two different techniques: gas chromatography and cw-CRDS. While the new coupling between the cell and the reactor is described below, the more classical details about the reactor, the used gas chromatographs, the cw-CRDS set-up, and the cw-CRDS method, are given as Supplementary material.
The cw-CRDS cell (volume 40 cm 3 ) consists of a glass tube with an outer diameter of 8 mm and a length of 80 cm. The cell is maintained through convection at ambient temperature and at a pressure around 1.33 kPa (10 Torr). The cell is connected to the reactor by the means of a sampling probe, as shown in Figure 1 . The probe is a fused silica tube with a diameter of 6 mm and a length of about 10 cm. The extremity of the tube, which is located within the jet-stirred reactor, was thinned by a glass blower such as to have a very small orifice in order to maintain the low pressure in the cw-CRDS cell (the pressure in the reactor is about 106.6 kPa (800 Torr)). This rapid pressure drop freezes the reaction due to a sharp decrease in concentration and temperature, but also leads to a more selective detection due to reduced pressure broadening of the absorption lines. The flow through this orifice into the CRDS cell is estimated to be 90 ccm min −1 STP, obtained from measuring the pressure increase in the cw-CRDS cell after closing the pump valve. This flow leads to a residence time of the gas mixture within the CRDS cell of roughly 0.3 s. The same type of sampling probe has already been used to take samples in flames [15] . The oxidation of methane was studied at temperatures ranging from 500 to 1300 K, at a residence time of 1 s, and at a reactor pressure of 106.6 kPa. The inlet mole fractions of methane, oxygen and helium were 6.3%, 6.3% and 87.4%, respectively (equimolar mixture of methane and oxygen).
CRDS analysis were carried out in the near infrared at frequencies from 6638 to 6643 cm −1 for pressures in the cell between 0.9 and 1.7 kPa. For the species quantified in this work (CH 4 , CH 2 O and H 2 O), we were able to identify absorption lines well isolated from absorption lines of other species. For each experimental condition (residence time, temperature or concentration of gas mixture) we measured a spectrum in the wavelength range 6638-6642.5 cm −1 as shown in Figure 2 . To obtain this kind of spectrum, we typically average over 50 ring-down signals before incrementing the wavelength of the diode by some 0.0013 cm −1 . Due to the rather low resolution of the wavemeter, the wavenumber is registered only for every tenth increment. At the end of the full scan, all data pairs current-wavenumber were fitted through a polynomial and the final wavenumber for each datapoint is then obtained from this polynomial.
Different spectra are shown together in Figure 2 : the upper curves are spectra that have been measured in this work, and they are displayed as ring-down time (left y-axis). The lower data (red line and green bars) are spectra taken from the literature: the red line is the CH 2 O spectrum from Staak et al. [16] (absorption cross sections in 10 −21 cm 2 , right y-axis), the green bars represents the methane spectrum from Campargue et al. [17] (line strengths in 10 −24 cm, right y-axis). The shaded areas highlight the sections that have routinely been used for quantifying the three species CH 4 (green), H 2 O (blue) and CH 2 O (red). The gray shaded area indicates the section that has been represented in Figure 3 as an example for a full model fit: ring-down times have been converted to absorption cross sections α using Eq. (1) (See Supplementary material for details) The Fityk software [18] has been applied to represent the obtained spectrum by the sum of the individual contributions of several species. The spectrum is in agreement by taking only three absorbing species into account: CH 4 , CH 2 O and H 2 O. The ring-down time of the empty cell, i.e. before admitting CH 4 to the main flow, is governed by the reflectivity of the mirrors, and was around 163 μs in the example of Figure 2 . The noise of the baseline was around 0.5 μs, indicating a minimum measurable absorption of 7 × 10 −10 cm −1 (S/N = 1). 
Quantification of CH 4 (reactant) using cw-CRDS
The full green line in Figure 2 shows the spectrum of methane under unreactive conditions (reactor maintained at ambient temperature). A highly congested structure is found, were the line positions and relative intensities are in very good agreement with a recent work of Campargue et al. [17] : the line strengths obtained by these authors are indicated for each individual absorption line as green bars in Figure 2 (right y-axis for line strength units). CH 4 is a stable molecule, and it is admitted into the reactor using calibrated flow meters. Measuring its concentration at room temperature can therefore be used to validate the cw-CRDS set-up. This is especially useful as the absorption path length is not exactly known: a flow of pure He is admitted in front of the mirrors in order to protect them: this flow dilutes the reaction mixture within the cw-CRDS cell, and hence reduces the absorption path length. For deducing a correction factor RL for the path length, we have deduced the absorption cross section σ for the three lines at 6640.72, 6642.00 and 6642.04 cm −1 using in Eq. (1) , obtained from ideal gas law, and have compared it to literature values [17] . We obtain absorption cross sections of 1.81, 0.609 and 1.17 × 10 −24 cm 2 for the three above mentioned lines. Taking into account the broadening of the absorption lines, the line strengths from Campargue et al. [17] [19] , application of a Voigt profile leads to peak absorption cross sections of σ = 2.05, 0.65 and 1.22 × 10 −23 cm 2 at 1.13 kPa (8.5 Torr) Helium, i.e. a factor of 1.13, 1.10 and 1.04 larger than our values. Taking the average of this value, we can deduce that the 'real' absorption path is only 73.6 cm (80 cm × 0.92); this value will be used in the following quantification.
The black line in Figure 2 shows the spectrum after turning on the heating and it can be seen that the CH 4 , corresponding to a mole fraction of 0.0362. The average of all four lines is used for comparisons.
The results for different temperatures are shown, together with GC data and model calculations, in Figure 4 . Figure 4 . Mole fraction profiles of reactants and reaction products obtained in the study of the oxidation of methane in a jet-stirred reactor (red crosses: cw-CRDS experimental data; blue dots: gas chromatography experimental data in JSR; -computed data). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Quantification of formaldehyde CH 2 O using cw-CRDS
In order to investigate the formation of products (such as formaldehyde) obtained during the methane oxidation in a jet-stirred reactor, we have compared the spectrum obtained during CH 4 -oxidation with the CH 2 O spectrum as reported by Staak et al. [16] : the spectrum is shown as a red line in Figure 2 cm 2 ), but is well isolated from absorption lines of other products and could therefore be used for CH 2 O quantification. The build-up of formaldehyde molecules in the reactor after turning on the heater can be observed very clearly and without fail. We have calculated the concentration of CH 2 O from all four lines in the example of Figure 2 to be 6.81, 6.16, 6.56 and 6.56 × 10 13 cm −3 using the above mentioned absorption cross sections. The average value is used for comparison with the model [7] in Figure 4 , and corresponds to a molar fraction of 218 ppm in the example of Figure 2 .
Quantification of water using cw-CRDS
The absorption spectrum of H 2 O has been measured in our set-up by bubbling a small portion of the total flow through liquid water, the obtained spectrum is shown as dashed blue line in Figure 2 . The strongest water line at 6640.91 cm −1 can also be seen in the CH 4 spectrum at room temperature (green line) due to the residual water in the main Helium flow. This strong absorption line (line strength 3.80 × 10 −24 cm [20] , σ = 1.60 × 10 −22 cm 2 using broadening coefficient of 0.1 cm −1 atm −1 [21] ) can be used very well for quantification of low H 2 O-concentrations, i.e. at lower temperature, however at higher temperature the transition rapidly saturates. Therefore, two smaller lines at 6640.48 and 6641.51 cm −1 (shaded in blue in Figure 2 ) have been used at higher temperatures. In routine analysis we have extracted the concentration by applying Eq. (1) and taking as baseline τ 0 the average of the baseline just left and right off the peak absorption. This simple approximation is a very good agreement with the complete fit using the Fityk software [18] . In Figure 3 we have presented such a complete fit for a small portion of the spectrum (gray area in Figure 2) , in excellent agreement with the full model.
Reactants and reaction products mole fraction profiles
The evolution of the mole fractions of the reactants and of the reaction products were recorded as a function of the temperature (Figure 4 ). Ten species were detected in this study: carbon oxides, ethylene, ethane, propene, propane, formaldehyde and water. Carbon oxides, ethylene, ethane, propene, propane as well as methane and oxygen were quantified using gas chromatography (propane and propene data are not displayed in Figure 4 because these species were detected in very low concentrations). cw-CRDS was used to quantify methane, water and formaldehyde; the last two being not quantifiable by GC-FID.
As shown in Figure 4 , there is a very good agreement for methane between both types of detection, cw-CRDS and gas chromatography, over the whole temperature range. Methane is a rather stable hydrocarbon and starts to react at around 1058 K. Formaldehyde, ethylene and ethane have the typical mole fraction profiles of intermediate species with a maximum (e.g., maximum at 1098 K for formaldehyde). Carbon oxides and water have mole fractions increasing on the whole investigated temperature range.
Carbon and oxygen atom balances were performed between the inlet and the outlet of the reactor using experimental mole fractions of species (the number of atoms which disappeared in the reactants was compared to the number of atoms in the quantified reaction products). Carbon and oxygen atom balances were satisfactory (the difference is lower than 10%).
A detailed kinetic model for the oxidation of methane [7] and [22] was used to perform simulations. Computed data are also displayed in Figure 4 . The model reproduces well the consumption of the reactants. The agreement is overall satisfactorily for reaction products, except for formaldehyde. For this species, computed mole fractions are about twice as large as the experimental ones. A kinetic analysis of the model performed at 1100 K showed that formaldehyde is mainly formed from the methyl radical by two pathways. The most important one is the sequence of reactions CH3 + HO2 = CH 3 O + OH and CH 3 O = H + CH 2 O (61% of the formation of formaldehyde). The second one is the reaction CH 3 + O 2 = CH 2 O + OH (22% of the formation of formaldehyde). Note that the kinetic parameters used in the model for the reaction CH 3 + HO 2 = CH 3 O + OH are significantly uncertain. They come from the review by Baulch et al. [23] in which a large uncertainty factor of five is given.
The over-prediction of the mole fraction of formaldehyde by the model can be due to this uncertainty. However, to bring the concentration of formaldehyde closer to the experimental one needs to divide the rate constant by at least a factor of five. In this case the global agreement of the simulation gets much worse: the reactivity decreases and simulation profiles are shifted towards higher temperatures.
Absence of detection of HO 2 and H 2 O 2
CRDS is a technique too sophisticated to be only used for the analysis of species such as formaldehyde and water: these two species can easily be analyzed using Fourier Transform Infrared spectroscopy. The main goal of coupling the cw-CRDS technique to the JSR is the detection of species such as H 2 O 2 and HO 2 , which also have a well-structured and well-known IR spectrum in the region 1.49-1.51 μm [13] and [17] and are difficult to detect by other techniques.
H 2 O 2 has already been detected by cw-CRDS [9] and [13] and presents a well-structured absorption spectrum with some absorption lines calibrated in the emission range accessible to the diode used in this work. The absorption cross section for the absorption line at 6639.88 cm −1 of H 2 O 2 has already been measured [9] , however this line is superposed by an absorption line of CH 4 , as can be seen in Figure 5 . Next to this line, a smaller line can be found at 6639.77 cm , corresponding to about 130 ppm. In the present study it has not been possible to detect H 2 O 2 because its expected concentration (below 1 ppm according to simulation as shown in Figure 4 ) is well below the detection limit.
An attempt to detect HO 2 radical has also been made, but without success as shown in Figure 6 : the red line shows the spectrum, obtained from the oxidation of 6.3% CH 4 at 1113 K, while the black line shows the spectrum of HO2 radicals such as obtained by Thiebaud et al. [24] . The absorption line at 6638.73 cm −1 is with σ = 9.4 × 10 −20 cm 2 at 50 Torr He (≈1.3 × 10 −19 cm 2 at 10 Torr using a broadening coefficient of 0.057 cm −1 atm −1 [25] ) not the strongest line in this wavelength range, but it has the advantage that it is not perturbed by other absorbing species. The detection limit under these conditions is around 7 × 10 9 cm
, corresponding to 0.02 ppm, well below the concentration of 6 ppm (see Figure 4 ) predicted by the model. 4 line, as shown in the inset. However, this line might lead to an even lower detection limit for HO 2 for other species. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
A possible reason for this absence is that HO 2 radicals are lost during sampling. Radical species are very reactive and their lifetime is very sensitive to their environment. Their reactivity in the gas phase due to self-recombination can be neglected at the expected low concentrations after expansion into the cw-CRDS cell: at 10 10 molecules cm −3 and a self-recombination rate constant of k = 1. heterogeneous recombination reactions and thus to radical loss. In a recent work it has been found, that HO 2 radicals disappeared very efficiently on the walls of a large photoreactor made of quartz [27] . In another recent work, the very efficient loss of HO 2 radicals due to heterogeneous recombination on glass surfaces has even been exploited as a selective detection of HO 2 and RO 2 radicals [28] .
Conclusion
The coupling of a jet-stirred reactor to a set-up for cw-CRDS detection was performed for the first time. The experimental study of the oxidation of methane was carried out using two analytical techniques simultaneously, the classical gas chromatography and the new cw-CRDS. The very good agreement between the two sets of data obtained for the concentration of methane with both analytical techniques allowed the validation of the cw-CRDS as a detection method for probing the outlet of a jet-stirred reactor. The cw-CRDS technique was used also for the quantification of H 2 O and CH 2 O.
An unsuccessful attempt of detection and quantification of H 2 O 2 and HO 2 radicals was also performed. While the predicted mole fraction of H 2 O 2 is below the detection limit of cw-CRDS (130 ppm), detailed kinetic models predicted mole fractions well above the detection limits in the case of HO 2 radicals (0.02 ppm). The absence of HO 2 radicals is probably due to the heterogeneous loss of these very unstable species on the wall inside the JSR and/or of the probe during the sampling. Future investigations will be carried out in order to detect both species, including studies of more reactive species, such as butane in order to obtain higher H 2 O 2 mole fractions at lower temperatures, and of ways for minimizing wall effects.
